Background-Abnormal coronary endothelial reactivity has been demonstrated in diabetes and is associated with an increased rate of cardiovascular events. Our objectives were to investigate the presence of functional coronary circulatory abnormalities over the full spectrum of insulin resistance and to determine whether these would differ in severity with more advanced states of insulin resistance. Methods and Results-Myocardial blood flow (MBF) was measured with positron emission tomography and 13 N-ammonia to characterize coronary circulatory function in states of insulin resistance without carbohydrate intolerance (IR), impaired glucose tolerance (IGT), and normotensive and hypertensive type 2 diabetes mellitus (DM) compared with insulin-sensitive (IS) individuals. Indices of coronary function were total vasodilator capacity (mostly vascular smooth muscle-mediated) during pharmacological vasodilation and the nitric oxide-mediated, endothelium-dependent vasomotion in response to cold pressor testing. Total vasodilator capacity was similar in normoglycemic individuals (IS, IR, and IGT), whereas it was significantly decreased in normotensive (Ϫ17%) and hypertensive (Ϫ34%) DM patients. Compared with IS, endothelium-dependent coronary vasomotion was significantly diminished in IR (Ϫ56%), as well as in IGT and normotensive and hypertensive diabetic patients (Ϫ85%, Ϫ91%, and Ϫ120%, respectively). Conclusions-Progressively worsening functional coronary circulatory abnormalities of nitric oxide-mediated, endothelium-dependent vasomotion occur with increasing severity of insulin-resistance and carbohydrate intolerance. Attenuated total vasodilator capacity accompanies the more clinically evident metabolic abnormalities in diabetes.
A bnormal coronary endothelial reactivity represents one of the earliest manifestations of vascular disease and is a key element in the development of atherosclerosis. 1 It exists not only in diabetes and in groups at high risk for type 2 diabetes mellitus, such as impaired glucose tolerance (IGT), but also in insulin-resistant individuals who do not have significant metabolic abnormalities. [2] [3] [4] [5] The cardiovascular mortality rate in IGT is twice that of normal glucose tolerance, increases 2-to 3-fold in type 2 diabetes mellitus, 6 and rises further when diabetes is associated with hypertension. 7 Because the high mortality cannot be fully explained by conventional cardiovascular risk factors, it has been attributed to factors related to insulin resistance and its potentially adverse effects on endothelial function. A key issue is whether and how endothelial dysfunction and vascular injury progress as insulin resistance progresses to type 2 diabetes mellitus. Positron emission tomography (PET) affords noninvasive measurements of myocardial blood flow (MBF). 8, 9 MBF responses to vascular smooth muscle cell (VSMC) relaxing agents like dipyridamole or adenosine yield information on total coronary vasodilator function. MBF responses to sympathetic stimulation with cold pressor testing (CPT) provide information on endothelium-related coronary vasomotion. We hypothesized that abnormalities in coronary circulatory function would parallel insulin resistance severity and carbohydrate intolerance in the progression to type 2 diabetes mellitus. To address this issue, we used PET to compare coronary circulatory function in Mexican-American, nonsmoking individuals who were insulin-sensitive (IS) or insulin-resistant (IR), or who had IGT or type 2 diabetes mellitus (DM) with and without hypertension.
Methods

Study Population
One-hundred seventy-four Mexican Americans underwent screening that included medical history, physical examination, blood pressure measurements, and an ECG; fasting blood collection for routine testing (blood cell count, chemistry, and lipid panel) and routine urinalysis were performed by the Medical Center Clinical Pathology Laboratory. All individuals without a history of diabetes underwent a 2-hour 75-g oral glucose tolerance test with measurement of glucose (glucose oxidase technique; YSI, Inc) and insulin levels (Human Insulin-Specific RIA Kit; Linco Research, Inc). Glucose tolerance was categorized according to American Diabetes Association criteria 4 (IGT, fasting glucose Ն6.11 to 7.00 mmol/L and 2-hour plasma glucose Ն7.77 to 11.10 mmol/L; DM, fasting plasma glucose Ն7.00 mmol/L or 2-hour glucose Ն11.10 mmol/L). Nondiabetic individuals underwent peripheral insulin sensitivity measurement by a modified hyperinsulinemic-euglycemic clamp. 5 Briefly, a priming dose of human insulin (Novolin; Novo Nordisk) was followed by insulin infusion (60 mU · m Ϫ2 · min Ϫ1 ) for 120 minutes to achieve plasma insulin levels Ն700 pmol/L. Blood was sampled every 5 minutes, and 20% glucose infusion rate (GINF) was adjusted to maintain euglycemia (5.00 to 5.55 mmol/L). The GINF (mg/kg of body weight per minute) over the last 30 minutes of the clamp reflected insulin action and defined IS (GINF Ն7.5 mg · kg Ϫ1 · min Ϫ1 ) and IR (GINF Յ4.0 mg · kg Ϫ1 · min Ϫ1 ) individuals. 5 Of the 174 individuals, 14 declined to participate in the study. Forty individuals were excluded from the study ( (5) hypertensive group of diabetic individuals with hypertension (HTN group; nϭ8). Diabetic patients were subgrouped on the basis of the presence (blood pressure Ͼ135/80 mm Hg) or absence of hypertension, which is known to adversely affect coronary circulation. 10 Comparisons across study groups were performed with the homeostasis model assessment (HOMA) index of insulin resistance 11 (fasting plasma glucose [mmol/L]ϫfasting plasma insulin [pmol/L]/ 162), which has been found to correlate with glucose clamp measurement in nondiabetic, diabetic, or hypertensive populations. 12 Of the 76 women in the study, 6 were postmenopausal (cessation of menses Ն1year) and were also diabetic. The time since diagnosis of diabetes averaged 2.1Ϯ3.2 years (range 0 to 11 years). None of the participants were taking antihypertensive, antidiabetic, or lipidlowering medications. The study was approved by the UCLA Institutional Review Board, and written informed consent was obtained from all participants.
Evaluation and Measurement of MBF
MBF was measured with
13 N-ammonia and PET (ECAT EXACT HR/HRϩ, CTI/Siemens). Beginning with the intravenous injection of 13 N-ammonia (555 to 740 MBq), serial transaxial images were acquired for 19 minutes, as described previously. 13 Reoriented shortand long-axis myocardial slices of the last 15-minute transaxial image and the corresponding polar maps were submitted to visual analysis of the relative MBF distribution. Regions of interest assigned on the last 15-minute image to coronary artery territories and the left ventricular blood pool were copied to the serial images acquired during the first 2 minutes to generate time-activity curves and to estimate MBF as described previously. 13 Because no significant MBF differences existed between coronary territories, regional MBFs were averaged.
Participants refrained from drinking caffeine-containing substances for Ն24 hours before study and had been fasting for Ն6 hours. MBF was measured at rest, then during CPT, and finally during pharmacological vasodilation with adenosine or dipyridamole, separated by 35 to 45 minutes. CPT was performed by hand immersion in ice water for 2 minutes, with administration of 13 N-ammonia and imaging at 45 seconds after onset of the test. Image acquisition and 13 N-ammonia administration began 3 minutes after completion of the 4-minute infusion of dipyridamole (0.54 mg/kg) or 3 minutes after the 6-minute infusion of adenosine (140 g · kg Ϫ1 · min Ϫ1 ) was begun. Studies in nondiabetic individuals used dipyridamole, whereas adenosine was used in 11 of 21 normotensive diabetic participants and in all hypertensive diabetic participants. Heart rate, blood pressure, and a 12-lead ECG were recorded at 1-minute intervals during each procedure. Heart rates and blood pressures were averaged for the first 2 minutes of data acquisition, and the rate-pressure product (RPPϭheart rateϫsystolic blood pressure) was derived as an index of cardiac work. Image artifacts due to subject motion, side effects to adenosine or dipyridamole, and poor image quality precluded image acquisition or analysis of 1 rest, 6 CPT, and 11 hyperemic studies.
Statistical Analysis
Comparisons across groups were performed with 1-way ANOVA with post hoc Scheffé tests; results are presented as meanϮSD, unless otherwise indicated. Skewed variables (PϾ0.05 on skewnesskurtosis test of normality; fasting plasma glucose and insulin, GINF, HOMA, and triglycerides) were analyzed after logarithmic transformation. Because significant baseline intergroup differences existed, ANCOVA 14 was used to compare mean MBF response after adjustment for mean differences in potentially confounding variables (covariates: age, gender, body mass index [BMI] , and resting flow). Interaction terms (groupϫcovariate) were negligible (PՆ0.22); pairwise group differences were assessed with least significant difference tests. The association of MBF responses to CPT and vasodilation with metabolic and clinical variables was assessed with univariate (Spearman rank) correlation and multivariable linear modeling (stepwise forward regression of variables with PՅ0.1 significance in univariate analysis). Significance was considered for 2-sided PՅ0.05, and Stata software (version 8.2, Stata Corporation) was used for analyses.
Results
Study Population and Laboratory Findings
The characteristics of the study groups are listed in Table 1 . Diabetics were older than IS, IR, and IGT individuals. IR, IGT, and diabetic individuals had higher BMIs than insulinsensitive individuals. Fasting glucose levels were elevated only in the 2 diabetes groups; however, as expected, 2-hour glucose levels were abnormal in the IGT group. Glucose disposal rates determined by euglycemic clamping were on average 73% and 63% lower in the IR and IGT groups, respectively, than in the IS group (Table 1 ; not measured in diabetes groups). Mean plasma LDL cholesterol did not differ between groups but tended to be higher in the diabetes groups. Plasma HDL cholesterol levels were lower in the IGT and diabetes groups than in the IS and IR groups. Finally, plasma triglyceride levels were higher in the IR, the IGT, and the diabetes groups than in the IS comparison group.
Hemodynamic and MBF Findings
Blood pressure at baseline was similar in the normotensive study groups but was elevated in the HTN group (Table 1) . Both CPT and adenosine or dipyridamole infusion significantly raised blood pressures in all study groups with the exception of a decline during pharmacological vasodilation in the DM group. Nevertheless, systolic blood pressures in the HTN group remained higher than in the other groups during CPT and during pharmacological vasodilation. The increase in RPP from rest to CPT (⌬RPP; defined in absolute units) was similar in all 5 study groups, whereas the average RPP during CPT was higher in the HTN group than in the remaining groups (Table 2) .
Visual and quantitative analysis of the 13 N-ammonia myocardial perfusion images revealed homogeneously distributed MBF; the absence of flow defects argued against the presence of significant coronary stenosis in study participants. Mean values of MBF at rest and during CPT and hyperemia are listed in Table 2 .
At rest, MBF was higher in the HTN group than in the other study groups (PϽ0.01; Table 2 ), and a trend existed for higher values in the IR group than in the IS group (Pϭ0.11). Multivariate analysis identified the RPP as the only independent determinant of MBF at rest. Accordingly, normalization of MBFs by myocardial work (MBF · RPP Ϫ1 ) abolished differences in flow estimates of the HTN group compared those in the other study groups and between the IR and IS groups, so that the observed intergroup differences in resting MBF were related to differences in cardiac work. Pharmacological vasodilation significantly raised MBF in all study groups. The flow increase was similar across the groups, although hyperemic MBF in the 2 diabetes groups tended to be lower than in the other groups (Table 2) . When hyperemic MBFs were combined for all diabetes patients (DM and hypertensive groups), they were significantly lower than in the normoglycemic IR groups (IR and IGT; PϾ0.001). Accordingly, the myocardial flow reserve as the ratio of hyperemic to rest MBF in the diabetic patients was reduced significantly compared with that of the IS group (Table 2 ). Because patients in both diabetes groups were older than individuals in the other study groups, hyperemic MBFs were further adjusted for age by ANCOVA. Ageadjusted hyperemic MBFs were highest in the IS group and tended to decline progressively from the normoglycemic to the hyperglycemic IR groups (Table 4 ). The adjusted mean hyperemic MBFs in the normotensive diabetes group were significantly lower than in the IGT group (PϽ0.05; Table  4 ) but higher than in the hypertensive diabetes group (PϽ0.01). Furthermore, on nonparametric testing for trends across ordered groups, the trend of a progressive decline of hyperemic MBFs from the IS to the hypertensive groups achieved statistical significance (PϽ0.002). Univariate analysis of possible associations between hyperemic MBFs and other clinical findings revealed significant inverse correlations with fasting plasma glucose and MBF at rest and a positive correlation with HDL cholesterol (Table 3 ). There was a trend to inversely correlate with age, LDL cholesterol, and systolic blood pressure. On multivariate analysis, however, only fasting plasma glucose and HDL cholesterol remained independent predictors of hyperemic MBFs. CPT consistently raised MBF in IS individuals; by contrast, individual flow responses in the other groups varied and ranged from increases to no change or to decreases. Average values of MBF during CPT varied between groups, although there were no significant intergroup differences with the exception of a significant difference between the hypertensive diabetes and the IGT groups ( Table 2) . As observed previously in normal volunteers, 1 the cold-induced increase in RPP was accompanied in IS individuals by a proportionate increase in MBF (rϭ0.52; Pϭ0.028). As Table 2 indicates, RPP increased by 41Ϯ23%, whereas MBF increased by 42Ϯ13%. In hypertensive diabetic patients, however, the percent increase in RPP was only 21Ϯ24%, whereas MBFs remained unchanged (Ϫ2Ϯ12%).
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Already increased values of RPP and MBF account at least in part for the attenuated responses when expressed in percentages of the rest RPP or MBF. To reduce a baselinedependent bias, responses to CPT were estimated in absolute units as the difference in MBF or in RPP during CPT and at rest. In the IS group, RPP increased with CPT by ⌬RPPϭ2.7Ϯ1.4ϫ10 3 mm Hg/min and was associated with a ⌬MBFϭ0.25Ϯ0.08 mL · min Ϫ1 · g Ϫ1 flow increase. In the IR group, RPP similarly increased by 2.6Ϯ1.8ϫ10 3 mm Hg/min (Pϭ0.99 versus IS), but MBF increased by only 0.09Ϯ0.17ϫ10 3 mL · min Ϫ1 · g Ϫ1 (PϽ0.001 versus IS). Furthermore, in the hypertensive diabetic group, RPP rose by 
2.1Ϯ2.7ϫ10
3 mm Hg/min, which was not significantly different from the increase in the IS group, whereas MBF remained virtually unchanged (Ϫ0.02Ϯ0.11 mL · min Ϫ1 · g Ϫ1 ). Thus, despite comparable increases in RPP (and thus, increases in cardiac work), responses in MBF to cold were significantly diminished or absent in the 4 IR groups and significantly differed from those in the IS control group (Table 2) .
Because the responses of MBF to CPT defined in absolute units were found on univariate analysis to depend on resting MBF, the flow responses were submitted to an additional analysis that included resting MBFs. As shown in Figure 1 , MBFs during CPT were significantly correlated with and thus dependent on MBF at rest. Similar correlations were observed in the IR groups. The slopes of the regression lines between rest and cold pressor MBFs as shown in Figure 1 for the IS and IR groups did not differ significantly. However, consistent with the diminished flow response in IR individuals, the regression line was displaced downward and intercepted the ordinate at 0.19 mL · min Ϫ1 · g Ϫ1 compared with the intercept for IS individuals of 0.33 mL · min Ϫ1 · g Ϫ1 . According to this ANCOVA, MBFs during CPT were on average 0.14 mL · min Ϫ1 · g Ϫ1 lower in the IR group than in the IS control group. Because the slopes of the regression lines between rest and CPT flows in the IGT and the 2 diabetes groups also did not differ significantly from the slope in the IS group, the same analysis was applied. Values for the mean difference of MBFs during CPT in each of the 4 study groups with IR compared with those in the IS controls are listed in Table 2 .
On univariate analysis, MBF was found to depend on BMI (Table 3) , and significant intergroup differences existed for age and gender. Accordingly, the flow difference values were adjusted for BMI, age, gender, and MBF at rest. They are listed in Table 4 and demonstrate significant intergroup differences (Figure 2) . The adjusted mean MBF responses in the IR group were significantly lower than in the IS group (PϽ0.001) but higher than in the 2 diabetic groups (PϽ0.05). Furthermore, nonparametric tests for trend across ordered groups indicated that the progressive decline of the MBF response across the IR states was statistically significant (Pϭ0.02). Possible associations of the flow response (MBF) to CPT with clinical and laboratory findings were explored with univariate and multivariate analysis. In addition to the correlations with BMI and MBF at rest as mentioned above, univariate analysis revealed statistically significant inverse correlations between ⌬MBF and fasting plasma glucose, insulin levels, and HOMA, as well as with triglyceride concentrations. Furthermore, ⌬MBF correlated positively with HDL cholesterol levels. On multivariate analysis, only HDL cholesterol and triglyceride levels were found to be independent predictors of ⌬MBF.
Discussion
In this study, coronary vasomotor function was compared in a single ethnic group, Mexican-Americans, who were IS or who had IR, IGT, DM, or DM with hypertension. MexicanAmericans have a high prevalence of insulin resistance, metabolic syndrome, and DM. 15 The main findings of the study are as follows: (1) the presence of a functional abnormality of the coronary circulation across the spectrum of insulin resistance, and (2) progression of this functional alteration with carbohydrate intolerance. In states of insulin resistance that lead to diabetes, this alteration primarily involved the flow response to CPT, which is largely endothelium dependent. In the presence of overt type 2 DM, there was also an attenuation of the total vasodilator capacity that tended to worsen with hypertension. When adjusted for age, gender, BMI, and MBF at rest, hyperemic MBFs and MBF responses to CPT differed between IR groups, and the trend of progressively declining MBFs was found to be statistically significant. These data suggest that vascular injury occurs when insulin resistance is the only abnormality, even in the absence of traditional coronary risk factors, and progresses as carbohydrate intolerance appears. These results are important in view of the worldwide epidemic of insulin resistance and are of concern because of the relatively early stage of appearance of vascular injury in the cascade of insulin resistance. Flow responses to CPT largely reflect endothelium-related coronary vasomotor function and correlate with invasively and noninvasively measured indices of nitric oxide (NO)-mediated changes in coronary flow. 1,16 -18 Sympathetic stimulation with CPT raises both heart rate and systolic blood pressure and, thus, the RRP, an index of myocardial work. In the normal coronary circulation, the increase in myocardial work is associated with a proportionate metabolically mediated increase in coronary flow as previously reported and confirmed in the IS individuals in the present study. 1, 18 In the IR individuals, however, despite comparable increases in RRP, MBF failed to increase or even declined with CPT. This attenuated flow response has been reported with PET in patients with type 2 DM. 19 -21 Similarly, intracoronary acetylcholine stimulation in type 2 DM patients produced decreases rather than increases in conduit vessel diameter, whereas CPT induced a decrease in epicardial coronary diameter compared with an increase seen in normal controls. 18 Thus, diabetes is associated with impaired function of both the conduit and resistance vessels.
An important finding of the present investigation was that the alteration of coronary vasomotor function was not confined to type 2 DM but was also present in individuals with normoglycemic IR. Previous investigations in peripheral arteries provided some evidence for the presence of endothelial dysfunction at different stages of development of diabetes. Acetylcholine-stimulated peripheral artery dilation was shown to be diminished in obese individuals with and without IGT, and both skin blood flow and brachial artery responses were diminished in relatives of type 2 DM patients. [22] [23] [24] [25] These studies suggested an impairment of the endothelium-related function of both the conduit and resistance vessels of the peripheral vasculature in IR that was similar to that described for the coronary vasculature in DM. However, flow abnormalities in the spectrum of IR that lead to type 2 DM were not reported previously in a composite study. We recently reported attenuation of cold-stimulated coronary flow in IR in the absence of glucose intolerance. 5 The present study demonstrates a progressive impairment of coronary circulatory function with progressive carbohydrate intolerance. In the early stage of normoglycemic resistance, the impairment affects the endothelium-dependent vasomotor function that tends to worsen progressively with more severe states of IR and ultimately reduces the total vasodilator capacity, including the endothelium and the VSMC-dependent coronary circulatory function in hyperglycemic states of DM. Interestingly, the greatest loss in endothelium-dependent flow occurred with IR alone, tended to worsen with IGT and DM, and tended to further decrease in the presence of hypertension.
Mechanisms underlying the progressive impairment of coronary circulatory function from normoglycemic to hyperglycemic states of IR remain to be elucidated. The most attractive concept, however, refers to a decrease of NO bioavailability either due to diminished production, increased inactivation of NO, or both and may result from several mechanisms. 3 Diminished IS, elevation of plasma free fatty acids, and hypertriglyceridemia have been implicated to alter intracellular signaling of NO synthase activity and to reduce NO production. 3 In type 2 DM, hyperglycemia has been associated with increased production of reactive oxygen species, which results in inactivation of NO. 26 An increase in endothelin activity may have further opposed the flow response to cold stimulation. 27 Multivariate analysis in the present study identified HDL cholesterol and triglyceride plasma levels as independent predictors of the flow response to CPT. Indeed, low HDL cholesterol and high triglyceride levels appear early in IR and define the metabolic system. 15 In one previous study, HDL levels were directly correlated, and in another study, triglyceride levels were inversely correlated with endothelium-dependent brachial artery function. 28, 29 Elevated plasma triglyceride levels were therefore likely to have further contributed to impairment of the endotheliumdependent coronary circulatory function.
Responses of MBF to adenosine or dipyridamole reflect the total coronary vasodilator capacity. Across the spectrum of IR, total vasodilator capacity was attenuated in the presence of DM. Although patients with diabetes in the present study were older than the other groups, previous studies from our laboratory failed to observe an agedependent decline in hyperemic MBF, 8 and when adjusted for age, hyperemic flows remained lower in patients with DM. The average 16% attenuation in the present investigation is comparable to the 20% reductions in hyperemic flows in previous studies. 18 -20,30,31 Adenosine-or dipyridamole-induced increases in MBF are mediated largely through VSMC relaxation, although endotheliumdependent mechanisms contribute to the hyperemic response, because inhibition of NO synthase decreases hyperemic flow in both the peripheral and the coronary circulation. 32, 33 Attenuation of total vasodilator capacity in type 2 DM may, therefore, reflect functional alterations of the endothelium, VSMC, or both. Previous studies demonstrating diminished vasodilator responsiveness to exogenous NO donors in patients with type 2 DM 2 suggest that VSMC function was affected. This possibility would not be unexpected in DM, in which longstanding IR and hyperinsulinemia and, in hypertension, mechanical stress may alter VSMC function and structure. Alternatively, it is conceivable that additive effects of various mechanisms of reduced NO bioavailability may have diminished endothelial function progressively to an extent to which its contribution to total vasodilator capacity became significant. 16 An important question is whether the coronary vasomotor abnormalities are reversible. Use of thiazolidinedione insulin sensitizers normalized responses to CPT in IR individuals without carbohydrate intolerance. 5 This normalization was associated with improvement, but not normalization, of IS. The angiotensin II type 1 receptor blocker valsartan improved endothelium-dependent coronary vasomotor function measured by PET but did not affect IS. 34 In addition, improvement in glucose control also improved CPT responses in DM. 35 Thus, improvement in endothelium-related flow does not necessarily parallel IR. It is likely that therapies that decrease oxidative stress improve coronary vasomotor function, whatever the cause of the dysfunction. Because low HDL cholesterol correlated with abnormalities in both CPT responses and total vasodilator capacity, it would also be useful to determine whether increasing HDL cholesterol may improve coronary vasomotor dysfunction in IR.
Conclusions
Coronary vasomotor responses to CPT, which are largely endothelium related, are abnormal in IR in the absence of traditional coronary risk factors, worsen in the presence of carbohydrate intolerance, and tend to deteriorate further with diabetes and hypertension. HDL cholesterol and triglycerides are predictors of this response. Total coronary vasodilator capacity remains normal until the onset of DM. Fasting plasma glucose and HDL cholesterol are determinants of this response. Longitudinal studies are needed to understand the natural sequence of events that lead to abnormal coronary circulatory function in individuals at risk of developing type 2 DM. Nevertheless, these results underscore the progressive vascular injury that occurs in IR and carbohydrate intolerance and reinforces the need to prevent diabetes and the metabolic syndrome.
